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KD in the respectable, low micromolar range. In contrast,
Knight et al. (2001), using an NMR method, were unable
to find any evidence of a specific interaction of the same
18-mer peptide with GABARAP. Clearly, this important Gi Irks GIRKsissue requires further investigation.
What is next? Certainly, the functional significance
of GABARAP’s interactions with its multiple partners
G protein-activated potassium channels (GIRKs),requires clarification. As Coyle et al. (2002) point out,
monitored with the temporal and molecular resolutioncareful application of targeted mutagenesis to GA-
of electrophysiology, play a key role in the study ofBARAP might provide clues. It would also be helpful to
signal transduction. GIRKs are activated primarily byknow whether all of its possible partners (see Table 1)
the G subunits, but a paper by Peleg et al. (2002can bind at the same time and whether the switch be-
[this issue of Neuron]) demonstrates a role for Gtween the open and closed forms of GABARAP pre-
subunits in suppressing basal activity and supportscludes or facilitates particular pairings. The results so far
the idea of a macromolecular complex of G protein,point to GABARAP’s involvement in vesicle trafficking
GIRK, and perhaps RGS protein.at the Golgi and perhaps beyond. Whether GABARAP
serves some particular role in the formation or regulation
of inhibitory postsynaptic membranes is an important More than 80 years ago, Otto Loewi’s experiments with
issue that deserves more study. Perhaps it is still too isolated frog hearts demonstrated the reality of chemical
early to even rule out the idea that GABARAP links synaptic transmission. Loewi showed that a substance
GABAA receptors to gephyrin in the postsynaptic mem- (stoff), capable of slowing or stopping the heart, was
brane. Little GABARAP staining was found in synapses, released when the vagus nerve was stimulated. Others
but it is conceivable that a small, compact protein like identified the vagusstoff as acetylcholine, which upon
GABARAP, if sandwiched between the receptor, geph- binding to atrial muscarinic receptors stimulates them
yrin, and possibly other binding partners, might be inac- to activate a specific population of inwardly rectifying
cessible to the antibody probes used so far. In any case, K channels (now called GIRKs), leading to hyperpolar-
now that we have the structure of GABARAP, we have ization of the myocyte membrane and bradycardia. Neu-
something around which to build an understanding of rotransmitter-activated GIRKs and their currents also
its function. comprise a major mechanism for inhibition in other pe-
ripheral tissues and in the brain.
A landmark in our understanding of signal transduc-
tion from ACh to GIRK was the identification of the per-William D. Phillips1 and Stanley C. Froehner2
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Gi or Go, as a component of the pathway (accountingUniversity of Sydney, NSW 2006
Australia for G in GIRK). Then, the demonstration that the pathway
required no soluble cytosolic intermediates established2 Department of Physiology and Biophysics
University of Washington the concept of membrane-delimited signal transduction
(Pfaffinger et al., 1985). GIRKs (there are five knownSeattle, Washington 98195
paralogs) seemed to be directly activated by PTX-sensi-
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tive G proteins and hence have taken their place as G the corresponding heterotrimeric G protein. These re-
ceptors and corresponding G proteins are thought toprotein effectors, alongside Ca channels and the en-
zymes, adenylyl cyclase, phospholipase C, phosphodi- remain together in the cell membrane. To the picture of
the PTX-sensitive G protein and receptor complex weesterase, G protein receptor kinase, and PI3 kinase.
Experiments in the late 1980s showed that the appli- now add the GIRK channel. The proximity of the PTX-
sensitive G protein to GIRK produced by direct contactcation of the free G dimers to GIRK-containing, ex-
cised, atrial membrane patches resulted in channel acti- with the G subunit allows the G dimers released by
these G proteins to activate the channel speedily andvation while exposure to activated GTP bound G
subunits did not (Clapham and Neer, 1997). These ob- efficiently. G dimers released from more distant G
proteins would encounter numerous G-sequesteringservations were accepted only slowly, because of the
then prevailing view that only the activated and free G proteins, including free GDP-G subunits, and are un-
able to activate GIRK.subunit was capable of interacting with and regulating
effectors. Although GIRKs and a yeast pathway were Now this issue of Neuron contains a report, by Peleg
and colleagues (2002), on another fascinating aspect ofthe first examples of G-regulated effectors, we now
know that many subtypes of the G protein effectors GIRK channels. In native tissues, the basal GIRK activity
in the absence of activating neurotransmitters is low.listed above are activated by G as well as by G; in
fact, the pendulum has swung so far that GIRKs and However, when the channels are expressed at high den-
sities in Xenopus oocytes or mammalian cell lines, thesome kinases are thought to be activated exclusively
by G! whole-cell basal activity can exceed the agonist-evoked
response and in certain cases even occlude it (He et al.,Experiments showing the activation of GIRKs by free
G dimers raised the conundrum of specificity. Nearly 1999). The study shows that the major component of
the basal activity of GIRK observed in these systems isall combinations of G dimers activated GIRKs equipo-
tently (Wickman et al., 1994); why is it, then, that in vivo intrinsic to the channel protein and not solely a result
of high basal levels of free G, although G does playGIRKs are activated only by receptors that couple to
PTX-sensitive G proteins? For example, in cardiac cells, a role (He et al., 1999; Mirshahi et al., 2001). The authors
hypothesize that the basal activity that emerges at highadrenaline released after sympathetic excitation binds
-adrenergic receptors but the G dimers that are re- channel densities results from a shortage of an inhibitory
endogenous protein that stabilizes a closed or restingleased from the activated GsG trimer do not normally
activate GIRKs. Straightforward explanations in terms state of GIRK.
Peleg et al. show that Gi is the endogenous proteinof G expression levels and differential affinities for G
appear insufficient. Studies addressing the issue of inhibiting the basal response, closing GIRK channels
independently and separately from its well-understoodspecificity using recombinant receptors and GIRKs ex-
pressed in cells in vitro were initially confusing. In these sequestering effect on G. It appears that the inhibition
of basal GIRK activity is induced by Gi in its GDP boundsystems, overexpression of the appropriate receptor
and/or the G protein allowed activation of GIRKs by G form, alone, or as a part of the G heterotrimer. Yet
Gi-GDP does not inhibit the G-induced maximal ac-released from PTX-insensitive G proteins such as Gs,
Gq, or Gz (Lim et al., 1995). tivity! In yet another role for Gi in the complex, the
authors also provide further biochemical and functionalGIRKs are useful for the study of G protein effectors
partially because the pathway can be monitored with the evidence that the PTX-sensitive, GDP bound Gi sub-
unit, while acting as G donor, also serves as a physicalhigh temporal resolution of electrophysiology. Indeed, at
saturating concentrations of agonists, maximal activa- link from receptor to GIRK.
What do these observations imply for those of ustion of GIRKS occurs within 300 ms (Sodickson and
Bean, 1996). Calculations suggested that if channel studying G protein-mediated signal transduction? We
have so far believed that the effector-modulating ele-opening depended on the random collision of activated
receptor, the G protein, and GIRK floating in the mem- ments of the G protein are the receptor-activated indi-
vidual GTP bound G subunits and the released Gbrane, then the response time would indicate that these
molecules were stationed less than 1.5 m from each dimers. The novel, important additional suggestion that
G in its GDP bound or the G heterotrimer inducesother.
Modern views of GIRK action therefore transcend the conformational changes in effector proteins supports
the idea that Gi is indeed part of a complex. The Giview that receptor, G protein, and GIRK simply encoun-
ter each while floating freely in a lipid membrane. In versus G story has now come full circle: GIRK remains
as one of the few G protein receptors activated solelyone explanation for receptor specificity and speed of
transduction in native myocytes and neurons, specific by G, but now it appears that Gi can inhibit GIRK, just
as it was originally thought to inhibit adenylyl cyclase!sets of receptors, PTX-sensitive G proteins, and GIRKs
are compartmentalized into microdomains or alterna- In 1993, one of us brashly wrote that the cloning of
GIRK channels completed the roster of the major com-tively are organized into macromolecular complexes.
These complexes would be inaccessible to non-PTX- ponents of the receptor-G protein-GIRK pathway. Oh
dear. Along came the new gene family, at least 21 strong,sensitive G proteins and their coupled receptors.
Data showing that GIRK fusion proteins can directly “regulators of G protein signaling (RGS)” (Ross and Wil-
kie, 2000). The intrinsic GTPase activity of purified Gbind both heterotrimeric PTX-sensitive G proteins and
the corresponding G-GDP subunit (Huang et al., 1995) measured in vitro is at least an order of magnitude slower
than the rate of GIRK deactivation measured in neuronsbegin to paint a minimalist portrait of a complex. It is
well known that inactive G protein-coupled receptors and cardiac myocytes (time constant 1 s). RGS pro-
teins accelerate the GTPase activity of G in vivo, pro-(GPCRs) have high affinity for the GDP bound form of
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Model for G Protein Regulation of GIRK Channel Activation
In the absence of agonist, the heterotrimeric G protein binds both the receptor and the GIRK channel, and the three proteins together form
a macromolecular complex. The exchange of GTP for GDP at the G subunit catalyzed by the agonist bound receptor causes the G subunit
to dissociate from the receptor and also to release the G dimer. The free G dimer activates GIRK. It is not clear whether G-GTP also
binds GIRK directly. RGS proteins stabilize the transition state conformation of the G subunit and may also make contacts with both the
receptor and the GIRK channel, thus keeping the complex intact. PDZ domain binding motifs on some GIRK channels may recruit PDZ domain-
containing proteins to the complex. PIP2 and Na ions, while not structural components of the complex, are important GIRK channel modulators.
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Ho, I.H., and Murrell-Lagnado, R.D. (1999). J. Biol. Chem. 274, 8639–surprisingly, did not decrease steady state activation
8648.(Doupnik et al., 1997; Saitoh et al., 1999)! In one explana-
Huang, C.-L., Slesinger, P.A., Casey, P.J., Jan, Y.N., and Jan, L.Y.tion for this result, RGS proteins are also part of the
(1995). Neuron 15, 1133–1143.macromolecular complex, binding tightly to two or more
Lim, N.F., Dascal, N., Labarca, C., Davidson, N., and Lester, H.A.members. Perhaps RGS proteins effectively recruit
(1995). J. Gen. Physiol. 105, 421–439.
larger numbers of receptors or channels to the complex,
Mirshahi, T., Robillard, L., Zhang, H., Hebert, T.E., and Logothetis,compensating for the decrease in steady state activation
D.E. (2001). J. Biol. Chem., in press.
levels produced by the increase in deactivation rate.
Peleg, S., Varon, D., Ivanina, T., Dessauer, C.W., and Dascal, N.
Or perhaps RGS proteins directly accelerate channel (2002). Neuron 33, this issue, 87–99.
activation. In any case, these important components of
Petit-Jacques, J., Sui, J.L., and Logothetis, D.E. (1999). J. Gen.
the GIRK pathway ensure that the time course of release Physiol. 114, 673–684.
and removal of a neurotransmitter is accurately reflected Pfaffinger, P.J., Martin, J.M., Hunter, D.D., Nathanson, N.M., and
by GIRK responses. Hille, B. (1985). Nature 317, 536–538.
You can’t clone Na, but it too activates GIRKs! Per- Ross, E.M., and Wilkie, T.M. (2000). Annu. Rev. Biochem. 69,
haps Na ions cooperate with PIP2, which also increases 795–827.
GIRK activation (Ho and Murrell-Lagnado, 1999; Petit- Saitoh, O., Kubo, Y., Odagiri, M., Ichikawa, M., Yamagata, K., and
Jacques et al., 1999). And like so many other membrane Sekine, T. (1999). J. Biol. Chem. 274, 9899–9904.
proteins, some GIRKs have PDZ binding domains. These Sodickson, D.L., and Bean, B.P. (1996). J. Neurosci. 16, 6374–6385.
molecules should probably be considered as loosely, Wickman, K.D., Iniguez-Lluhi, J.A., Davenport, P.A., Taussig, R.,
perhaps transiently, associated members of the macro- Krapivinsky, G.B., Linder, M.E., Gilman, A.G., and Clapham, D.E.
molecular complex that comprises the GIRK pathway (1994). Nature 368, 255–257.
(Figure).
We have atomic-scale structures of G protein-coupled
receptors, G proteins, and some K channels (but not yet
GIRKs); high-resolution images of interacting pairs of
molecules within the G protein pathways (but not yet
GIRK) are becoming available. But now we are hungry
for structures at a higher level of organization. Perhaps
the single-molecule resolution of electrophysiology will
also be combined with new data, such as from electron
tomography, to provide us with a satisfying molecular
description of the mechanisms and molecules that com-
prise the complete GIRK channel pathway.
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